Non-thermal plasma technology is a new type of odor treatment processing. We deal with H 2 S from waste gas emission using non-thermal plasma generated by dielectric barrier discharge. On the basis of two criteria, removal efficiency and absolute removal amount, we deeply investigate the changes in electrical parameters and process parameters, and the reaction process of the influence of ozone on H 2 S gas removal. The experimental results show that H 2 S removal efficiency is proportional to the voltage, frequency, power, residence time and energy efficiency, while it is inversely proportional to the initial concentration of H 2 S gas, and ozone concentration. This study lays the foundations of non-thermal plasma technology for further commercial application.
Introduction
Although conventional odor treatment processing has been widely used in industry, there are still various shortages [1] [2] [3] . As a new type of odor treatment processing, non-thermal plasma technology successfully overcomes the shortcomings of traditional treatment methods [4] [5] [6] [7] [8] . Some domestic researchers purify H 2 S using non-thermal plasma generated by dielectric barrier discharge. The removal efficiency of H 2 S has reached 60.1% at a power of 480 W and gas flux of 800 ml min −1 , with the inlet contaminant concentration reaching 340 mg m −3 and the time attained 40 min [9] . Wang et al handle H 2 S and CS 2 using non-thermal plasma. The results show that the removal efficiency of those two types of pollutant can be up to 100% under the preferred process parameters [10] . Some scholars using dielectric barrier discharge to degrade H 2 S and NH 3 found that the degradation rates of these two kinds of odor gas were 91.1% and 93.4%, respectively [11] . Some researchers have used low-temperature plasma to degrading malodorous gases from livestock farms such as NH 3 and H 2 S. The results indicated that the maximum removal efficiency of odor gas is more than 95% in a packed reactor [12] .
In this paper, we deal with H 2 S from waste gas emission using non-thermal plasma generated by dielectric barrier discharge. On the basis of two criteria, purification rate and absolute removal amount, we deeply investigate the changes of electrical parameters and process parameters, and the reaction process of the influence of ozone on H 2 S gas removal. This study lays the foundations of non-thermal plasma technology for further commercial application.
Experimental

Experiment system
The experiment system is shown in figure 1 . The air is fed into the distribution system (3) by a compressor. Controlled by valves, H 2 S was released into the distribution system from a H 2 S cylinder. After the precise control of the distribution system, gas enters into the reactor. The concentration of H 2 S is detected by a spectrophotometer, while the unreacted gas is adsorbed by the exhaust system.
The low-temperature plasma reactor used in the experiment designed by our team is shown in figure 2 . It is a coaxial line structure. The reactor is made of organic glass, the inside and outside diameters were 28 mm and 32 mm respectively. The external electrode is steel mesh with a length of 200 mm, and tungsten wire with diameter of 1.25 mm designed as a coaxial internal electrode. Additional power is given by highvoltage intermediate frequency alternating current power, in which the range of frequency and voltage are from 50 to 500 Hz and 0 to 100 kV, respectively.
Experimental method
An oscilloscope from Tektronix, an American company, was used to record the discharge parameters. The changes in the H 2 S concentration were measured with a spectrophotometer known as WFZ UV-2000, from Shanghai Analytical Instrument Factory. The ozone concentration produced in the plasma reactor was measured by an iodinetitration method.
The purifying rate reflects the removal ability of H 2 S onto the processing facilities. The mathematical expression for the removal efficiency is as follows:
In this equation, η stands for te purification rate of H 2 S, in percent; C 0 and C 1 represent the inlet and outlet H 2 S concentration, respectively.
The absolute removal amount, short for removal amount, reflects the actual removal efficiency of H 2 S obtained from treatment processing. The mathematical expression is given below:
In the equation, m 0 is the quality of the inlet H 2 S and m 1 is the quality of the outlet. The unit of both is milligram. In addition, t stands for unit time, in hours. As shown in figure 3, when the H 2 S flow rate and frequency are 15 000 ml min −1 and 300 Hz, as the voltage rises, the removal efficiency of H 2 S gradually increases. When the initial concentration of H 2 S is 10.2 mg m −3 , the voltage is 10 kV, and the removal efficiency is just 7.38%. However, when the voltage is raised to 21 kV, the purification rate is 69.29%, an increase of 61.91%. And yet, when the initial concentration is 30.1 mg m −3 , and the voltage is raised from 10 kV to 21 kV, the purification rate increases by 51.22%. Clearly, as the voltage increases, the electric field strength is gradually increased. The electric field intensity and quantity of plasma generated per unit time increases to the removal efficiency of H 2 S. efficiency is 69.29%, an increase of 10.86%. Obviously, the purification rate is proportional to the discharge frequency.
3.1.3. Influence of power on removal efficiency of H 2 S. The measured discharge power according to the V-Q Lissajous figure method [13] is shown in figure 5 .
The discharge power is given by the following equation [14] :
In this equation, T is the period of discharge cycle, in seconds; u(t) represents high voltage applied between electrodes, in kV; i(t) is the current change with time, in amperes; f represents power frequency, in Hz; u c (t) represents the voltage at both ends of C m , in kV; S is the area of Lissajous graphics when the frequency and voltage are 300 Hz and 16 kV.
At an H 2 S flow rate of 8000 ml min −1 , an inlet concentration of 30.1 mg m −3 , and frequency of 300 Hz, figure 6 shows the variation of the discharge power and the purification rate of H 2 S. The removal efficiency is climbing up with increasing power. When the applied voltage is 19 kV, the discharge power becomes 42.56 W, and the energy consumption of purification per gram of H 2 S is 2.94 g kW
3.2. The influence of process parameters 3.2.1. Influence of initial gas concentration on removal efficiency of H 2 S. At a voltage of 19 kV and a frequency of 300 Hz, when the flux of H 2 S is 15 000 ml min −1 , with the increase in initial concentration, the removal rate of H 2 S gradually decreases, while the removal amount gradually increases, as shown in figure 7 . When the initial concentration of H 2 S increases from 10.2 mg m −3 to 58.9 mg m −3 , the removal efficiency of H 2 S decreases from 77% to 49%. With the increase of initial concentration of H 2 S, the quantity of H 2 S molecules per unit time increases, in the case of constant voltage, the plasma power being fixed, then the purification rate declines. Similarly, when the total number of H 2 S molecules involved in the reaction increases, the absolute removal amount of H 2 S removal is definitely on the rise. Figure 8 shows that the effect of residence time correlates positively with the removal efficiency of H 2 S. Under different voltage conditions, H 2 S removal efficiency presents increasing tendency with increase of reaction time. At the same, H 2 S removal efficiency also increases with increasing voltage. When the residence time is 1.09 s and 1.56 s, the removal rate is 87.85% and 100%, respectively. As far as we know, when the reaction time is prolonged, the contamination molecules are fully exposed to the plasma in the reactor, and the reaction is more complete. Obviously, with a longer residence time, the removal rate rises.
Influence of residence time on the removal efficiency of H 2 S.
Influence of packed materials on removal efficiency of H 2 S.
Under the conditions of 300 Hz, 15 000 ml min −1 total flow rate, and average inlet concentration of 31 mg m −3 , inside the reactor loading three cases compare the purification rate of H 2 S. The three cases are blank experiment, packed with glass beads and Rasching rings, and the results are shown in figure 9 . As the voltage is increased in the reactor packed with glass beads, the H 2 S purification rate increased from 12.5% to 81.5%, with nearly 69% increase. Under the same conditions, when the reactor is loaded with Rasching rings, the removal rate increases from 14.5% to 93.3%, thus a 78.8% increase. The blank test shows that the increase in removal rate is just 50%, from 7.8% to 57.8%. Obviously, the removal efficiency of the reactor filled with Rasching rings is highest, the glass beads followed, and the blank pipe without dielectrics is lowest. On the one hand, although they are both dielectric, they have different relative dielectric constants; the glass bead is 4.2 and the Rasching ring is 5-6. On the other, the capability of adsorbing is different; the Rasching ring has a stronger ability for adsorption. Moreover, in the electric field, the range of increase of the dielectric constant of glass beads is smaller than that for Rasching rings, which leads to the fact that the glass beads cannot compensate for the loss due to its occupied space being caused by corona discharge. According to Yamamoto et al [15] , the dielectric constant has a significant influence on the discharge energy of the NTP reactor. The electric field strength is calculated as follows:
where E r is the local electric field strength after dielectric polarization, E 0 the local electric field strength before dielectric polarization, and ε the relatively permittivity. As shown in equation (4), E r is in direct ratio with E 0 . E r equals three times E 0 (θ=0) with ε close to infinity. So, the electric field strength is positive to the relative permittivity of packed materials in the plasma reactor. This shows that not all dielectrics can play a good role in strengthening the corona discharge, so the selection of filler has great influence on the removal of H 2 S.
Influence of ozone
In oxygen plasma, the ozone concentration produced in the gas discharge reflects the strength of discharge. Therefore, we can reflect indirectly oxygen plasma concentration and energy levels by measuring the ozone concentration. The experimental conditions were as follows: room temperature ranged between 17°C and 22°C, the total flow was 15 000 ml min −1 , the average initial concentration 31 mg m −3 , sampling flow 0.5 l min −1 , and sampling time 5 min.
3.3.1. Relationship between flux and ozone output. Figure 10 shows that as the voltage rises, the ozone concentration increases, but it decreases with increase in the flow rate. When the voltage is 16 kV, with an increase in the flux from 11 500 ml m −3 to 15 000 ml m −3 , the ozone concentration falls to 12.6 mg m −3 from about 16.4 mg m −3 . However, when the voltage is 21 kV, the ozone concentration is down from 35.6 mg m −3 to 30.8 mg m −3 . This is because, with increasing flux of H 2 S, the residence time decreases and the possibility of inelastic collision between electrons and oxygen molecules decreases, resulting in lower ozone concentrations.
Relationship between H 2 S and ozone concentration.
In order to investigate the relationship between ozone concentration and H 2 S, figure 11 compares the changes in the ozone concentrations in the presence or absence of H 2 S. As the voltage increases, the ozone concentration rises. Without H 2 S, the ozone concentration is higher, especially when the voltage is higher. However, the rate of increase is lower than in the case with H 2 S. The reaction pathways of oxygen free radicals with oxygen molecules are as follows [16] :
So, there are two reasons for this. Firstly, the ozone is involved in the degradation of H 2 S. Secondly, more oxygen free radicals participate in the degradation of H 2 S, reducing the rate of increase of ozone.
Relationship between packed materials and ozone
concentration. It can be seen from figure 12 that when the electric field strength is greater than or equal to 13 kV cm −1 , and the reactor is filled with Rasching rings, the ozone concentration is significantly higher than without packing. The experiment conditions are as follows: the voltage is 19 kV and the flux is 15 000 ml min −1 . When the reactor is filled with Rasching rings, the ozone concentration is 41.5 mg m −3 , almost 25% higher than for the blank experiment. O 3 , as the main long-living radical, was generated and transported to the packed materials and could take part in the oxidation reaction on the packed materials' surface. In this experiment, the higher relative permittivity of the packed materials is better for enhancing the electric field strength in the plasma process. As a result, O 3 concentration increases according to equation (6) . The superfluous highenergy electrons accelerate the decomposition of O 3 to O 2 according to equations (7) and (8). The active oxygen species formed during the O 3 decomposition would also be helpful for H 2 S removal on the surface of packed materials.
Analysis of by-products and reaction mechanism
The low-temperature plasma generated in the barrier discharge process includes a large number of high-energy electrons, positive ions and negative ions, as well as a variety of highly active free radicals and other excited state molecules and atoms, etc. These particles smash into H 2 S molecules, which cause a series of chemical reactions such as excitation, 
